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INTRODUCTION 


When designing a vehicle and its thermal protection system for 
manned reentry, the most desirable configuration minimizes the heating 
rate and, therefore, does not require active systems (such as film 

cooling) or degrading systems (such as ablative materials). Complete 

« 

avoidance of an active or of a degrading thermal protection system is 
practically impossible. However, the desired low heating-rates can 
often be achieved for large surface areas by selecting a configuration 
for which boundary-layer separation leaves large areas in a relatively 
low- velocity wake flow. 

A necessary condition (Ref. 1) for separation of the viscous 
boundary layer from the wall is an increasing pressure in the streamwise 
direction, i.e., an adverse pressure gradient along the f 1 path. The 
necessary adverse pressure gradient may be due to shock waves associated 
with a flow recompression subsequent to a rapid expansion at a relative- 
ly sharp corner. In general, the separation location depends upon geo- 
metric parameters, such as configuration geometry and angle-of-attack , 
and upon flow parameters, such as free-stream Mach number, Reynolds num- 
ber, and the wall temperature. At high Mach numbers, the "hypersonic 
freeze" principle (Ref. 2) indicates that the inviscid flow field is 
independent of the Mach number. Because of its use as a transition 
criteria, the Reynolds number is an important parameter in establishing 
a separation criterion. However, even without transition, the base 
pressure has been found to be dependent on the Reynolds number, if only 
weakly (e.g., Refs. 3 and 4). 
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For the three-dimensional flow of an inolinod body of revolution, 
two distinct separation types have been observed at low speeds by Wang 
(Ref. 5). The first stage of separation appears to be of a free vortex 
layer type; the second stage appears to be of a bubble type. Wang 

notes that other workers have observed Qualitatively similar patterns 
at hypersonic speeds. 

An objective of the present study was to examine parameters which 
influence the extent of separation and the resultant flow in the separated 
region, yot avoid undue complexities ir the flow field. Therefore, it was 
the intention of the model design to simulate the flow-field for an in- 
finite cylinder. However, the models were of limited length in order to 
allow that the models would be entirely within the tunnel core and to 
avoid shock - boundary layer interactions at the tunnel wall, which arise 
when the model spans the tunnel. Thus, the boundary layer for the wind- 
ward flow is three dimensional. 

A solution of the compressible, three-dimensional boundary layer on 
the cylinder at angle-of-attack must account for the divergence, or con- 
vergence, of the external streamlines which gives rise to a thinning, or 
thickening, of the boundary layer. A rigorous solution must also account 
for the skew character of the velocity profile which occurs since the 
flow in the boundary layer must turn more than the inviscid flow in or- 
der to allow the centrifugal force gradient to balance the resultant 
lateral pressure gradient. Although solutions for the laminar, compres- 
sible three-dimensional boundary layer have been obtained (e.g., Ref. 6 ), 
the method is very complex. Moreover, it has been found (Ref. 7) that, 
even for large transverse pressure gradients, the cross-flow can be 
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neglected in the presence of a highly cooled surface and of moderate 
Mach numbers at the edge of the laminar boundary layer. 

Although quite small in relation to windward heat transfer the 
leeward heating process is also important to the vehicle designer for 
the primary reason that unnecessary thermal protection over leeward 
surfaces could represent a significant weight penalty and therefore 
should be avoided. Thus* it is doslrablo to have basic information 
about the level and extant of convective heating over the leosido of 
typical cross sections. Furthermore., since only a limited number of 
shapes can be examined experimentally one objective of tho current 
study was to provide correlations and generalizations of the test data 
obtained. 

Much of the previous experience with manned reentry vehicles in- 
dicates that flow in the near wake is laminar (e.g., Ref. 8). The 
large favorable pressure gradient whioh exists upstream of the separa- 
tion point on most of these configurations tends to insure a laminar 
boundary layer prior to separation. Furthermore, Lees (Ref. 9) indi- 
cated that as the boundary layer separates to become the shear layer, 
it will remain laminar if the edge Mach number is greater than about 
2.5. 

The present report investigates the flow-field for "simulated" 
infinite cylinders over an angle-of-attack range from 30° to 90°. The 
range of test conditions for the experimental program, which was con- 
ducted in the Vought Aeronautics Corporation's Hypervelocity Wind 
Tunnel (VAC HVWT), includes free-stream MAch numbers from 10 to 15 
with unit Reynolds numbers from 2 x 10 6 per foot to 2 x 10 7 per foot. 




NOMENCLATURE 


C 

F 


P 


L 



q t, ref 


Re /ft 
00 


eff 


S 


s 


s 


z 


T 


t 


pressure coefficient 

a factor in the heat "transfer equation which accounts for 
the non-circular shape of the fuselage cross-section , 
defined in cqn. 6 

total model length , measured along the plane of symmetry, 

or a characteristic separation length (nee Fig. 17) 

free stream Mach number 

stagnation pressure behind a normal shook 

average value of heat-transfer to the surface downstream 

of boundary-layer separation 

experimental heat-transfer rate for thermocouple no. 1, 
which is located in the windward plane of symmetry 
calculated value of heat-transfer to the stagnation 

point of a sphere whose diameter is W, 

b 

the corner radius for flat-faced configuration with 
rounded corners 

free stream unit Reynolds number 

effective radius of curvature for a fuselage whose cross- 
section is non-circular 

distance from leading edge of the model measurer along the 
fuselage axir 

distance around the perimeter of the cross-section as 
measured from the plane of symmetry 
stagnation temperature 
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u Q " atreamwise velocity component of the invineid flow 

W b - body width 

W a - characteristic maximum wake width (see Flc- 17) 

Xj c - tho axial location of the instrumentation on tho 

inctrumentod core ( nee Fig, 2) 

y ’coordinate - dintance from the surface an measured in the 


plane of symmetry 

^-coordinate - transverse dintance from tho piano of symmetry 
a - angle of attack 


4 > 

6 

r s 


V 

e 


- tho shock wave standoff distance in tho piano of 
symmetry 

- polar coordinate for right circular cylinder 

- location of boundary layer separation for a right 
circular cylinder in polar coordinate 

- viscosity of fluid at the edge of the boundary layer 


EXPERIMENTAL PROGRAM 


Tha experimental program was conducted to obtain information de- 
fining tha flow field for four different simulated "infinite" cylinders 
over an anglo-of-attack range from 30° to 90°. The data generated dur- 
ing the program included measurements for the heat- transfer- rate and 
surface-press ura distribution and shadowgraphs. 

Models 

Dimensioned sketches for the four different cross-sections touted 
are presented in Fig, 1. The four configurations were: (1) a right- 

circular cylinder, designated Cl, (2) a flat- faced triangular cylinder, 
designated C2, (3) a "rectangular* 1 flat-faced cylinder representing a 
typical cross-section of the space shuttle fuselage, designated C3, and 
(4) a cylinder whose windward surface was a circular segment and whose 
leeward surface was triangular, designated C4. A brief review of the 
philosophy used in selecting these cross-sections might be useful at 
this point. Since the measurements for the right- circular cylinder, Cl, 
could be readily compared with theoretical predictions and experimental 
results available in the literature, it was chosen as a reference con- 
figuration. The C4 cylinder has the same cross-section as the Apollo 
Command Module. Thus, considerable data are available for comparison 
if one selects correlation parameters which are independent of whether 
the flow is two-dimensional or axisymmetric. The C3 cylinder corresponds 
to a fuselage cross-section of one concept for the McDonnell-Douglas 
space shuttle orbiter which was available at the time the test program 
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was initiated. The vindward portion of the C2 configuration is identi- 
cal to that for the C3 configuration* while the leeward surface of the 
C2 configuration is identical to that for the C4 configuration. ThuB, 
the data for ‘‘he C2 configuration indicate the independence of the wind- 
ward and the leeward flow fields . 

The body width, W^, was chosen as the characteristic length by 
which parameters relating to model dimensions ware divided to obtain di- 
mensionless correlation parameters. The body width was the same for all 
four configurations, i.e.* 1.5 inches. Circumferential distributions are 
presented as a function of 3 , which is the wetted distance around the 
perimeter of the cross-section (Fig. 1). Axial distributions are pre- 
sented as a function of s , which is the distance from the leading edge 
in the plane of symmetry (Fig, 2)* 

Also presented in Fig* 1 are the circumferential locations of the 
pressure orifices and of the thermocouples , which were used to determine 
the local heating rate* The models were constructed such that the 
thermocouples were on one side of the model, the pressure orifices on 
the other, providing both types of data during the same shot* Because 
it was felt that heat -transfer measurement would be more sensitive to 
the character of the local flow-field, the number of thermocouples on a 
model was roughly twice the number of pressure orifices* For each pres- 
sure orifice location, there was a thermocouple at the same point (in 
the mirror image)* Thus, the pressure data would provide information 
about the local inviscid flow-field from which the heating-rate measure- 
ments were taken* In general, most of the instrumentation was located 
in a "single" plane, the exceptions being some sensors located in the 
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corner regions of the models. These were placed ±0.2 inch away from the 
primary instrumentation plane in order to accommodate them physically. 

Additional sensors were placed at other stations in ordor to de- 
termine if three- dimonsional effects were present. The circumforential 
locations of these sensors appear at the end of the tables in Fig. 1. 

The significance of the axial dimension to the Instrumentation on the 
instrumented core (x^ c ) is indicated in Fig. 2. 

The local pressures wore measured using Scnsotoch transducers. 

The semiconductor strain gages of the transducers had a nominal output 
of one millivolt per psi. The local heating rates were determined from 
computer fits of the surface- temperature histories. These temperature 
histories were obtained using thermocouples of 40 gage chrome 1/cons tan- 
tan wire which were spot welded to the inner surface of the 0.004- inch 
nickel skin of the models. 

All of the instrumentation described above was contained in a two- 
inch "instrumented segment." To properly simulate "infinite" cylinder 
at the proper angle- of- attack, the instrumented segment was placed be- 
tween uninstrumented segments having the same cross-section, as shown 
in Fig. 2. 

By using the uninstrumented segments, the surfaces at both ends of 
the model were parallel to the free-stream velocity. Because the large 
diameter models were intended to simulate infinite cylinders, it was 
necessary to consider perturbations due to end plates or to the model 
support string. To gain insight for model design, test shots were made 
using a variety of instrumented models with different end plate and sup- 
port configurations. Based on the shadowgraphs, it was decided not to 
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use end plates and to locate the model support sting in the wake at 
the upstream end of the model. A photograph of a typical model in- 
stallation is presented in Fig. 3. The total pressure probe and the 
total temperature probe, which are used to determine flow conditions 
in the tunnel, also can be seen. 

Tost Facility 

The VAC Hypervolocity Wind Tunnel is a hot-shot tunnel with a 
variable volume arc-chamber to provide relatively constant test condi- 
tions. A contoured nozzle is used to accelerate the nitrogen test gas 
to Mach 8 in an 8.0-inch diameter test section. For free-stream Mach 
numbers of 10, or greater, the wind-tunnel nozzles are conical with a 
total included angle of 7.50° and the test-section is 12.5 inch in dia- 
meter. The high energy capacity of the tunnel provides either a high 
unit Reynolds number capability, e.g. , nominally a unit Reynolds number 
of 70 x 10 per foot at Mach 8, or relatively long run times, e.g., 

0.50 second at Mach 17. The facility is complemented by an on-site IBM 
digital computer which is employed for data acquisition and reduction. 

Test Program 

A run schedule is presented in Table 1 for the nominal test condi- 
tions discussed in the present report. The numbers which appear in this 
table are those assigned by the facility to identify the particular shot 
for that nominal condition. Table 2 contains the exact test conditions 


for each run in the schedule. 


As noted previously, the nickel skin of tho model was only 0.004- 
inch thick. Because of particle impingement and high surface pressures, 
model degradation occurred during the course of the tost program. In 
post- test observations of tho model, the supervisor of the VAC HVWT 
briefly discussed the modal surface conditions in the data transmittal 
package, noting "minor skin wrinkling occurred on the C4 model at a « 
30°." As can be seen in the flow-field photographs presented in Fig. 4 
(which are for the C4 model at a a 30°), numerous shock waves were 
generated due to the skin wrinkling. The high Reynolds number test, from 
which photograph of Fig. 4b was taken, was the later of the two. The 
greatly disturbed flow-field is attributed to model degradation, the ef- 
fect of which is amplified by the relatively thin boundary layer at the 
highest Reynolds number. This skin wrinkling and associated flow-field 
perturbations significantly influence the measured heat- transfer , which 
is very sensitive to surface roughness of the scale experienced. These 
perturbations significantly limit the ability to interpret the effect of 
flow parameters, as will be discussed more subsequently. 


DISCUSSION OF RESULV”, 

Since the instrumentation was distributed circumferentially around 
the entire model, data are available which describe the flow fiold for 
Lho windward surface, for which the boundary layer Is attached, as well 
as for the leeward surface, whore evaluation of the flow parameters is 
complicated by boundary- layer separation. The discussion which follows 
is therefore divided into the natural categories: "Windward Flow Field" 

and "Separation and the Leeward Flow Field." As noted when describing 
the models, the windward surface of the C2 cylinder is identical to that 
of the C3 configuration! while the leeward portion of the C2 configura- 
tion is geometrically identical to that for the C4 configuration. Since 
the inviscid flow in the separation zone (which divides the "two" flow 
fields) is supersonic, it was expeoted that the windward flow field 
would be essentially the same for the C2 and for the C3 configurations 
and that the leeward flow field for the C2 and for the C4 configurations 
would be essentially the same. As discussed subsequently, this expecta- 
tion was generally verified experimentally, within the accuracy of the 
data. 

The flow field for the windward surface of infinite cylinders at 
an angle-of-attack of 90° can be solved analytically, because of the 
planar symmetry of the two-dimensional flow. Therefore, of all the data 
which were obtained in the present program those which describe the wind- 
ward flow-field are most amenable to direct correlation with theory. The 
comparisons between the theoretical calculations and the windward data 
for these simulated "infinite" cylinders at an angle-of-attack of 90° 
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provide an insight into the character of the flow. Furthermore, such 
comparisons provide a measure of the validity of tho experimental re- 
sults. 

Although the models used in the test program were to simulate 
"infinite" cylinders, the length-to-width ratios ware below the values 
of 10 suggested in Ref. 3. The model lengths were limited to insure the 
models would be wholly within the tunnel core. Further, to accomodate 
the desired instrumentation, the model cross-section was made as large 
as possible. Thus, the length-to-width ratio varied from only 2.33 for 
the model used for an angle-of-attack of 90° to 7.33 for the model used 
for an angle-of-attack of 30°. Because of the relatively short models, 
the flow field measurements reflected the three-dimensional character 
of the flow even at an angle-of-attack of 90°. 

Windward Flow Field 

Theoretical solutions of the windward, inviscid flow field for 
infinite cylinders were obtained using a numerical routine generously 
supplied by Dr. Gino Moretti. The desired theoretical flow field was 
calculated using a time-dependent technique (e.g,, Ref. 10 to 12) to 
obtain the limiting solution, which is effectively the steady state 
solution. The computed shock waves are compared in Fig. 5 with the 
experimental shock waves for the cylinders at an angle-of-attack of 
90°, as recorded photographically. As would be expected, the shock- 
wave for the C2 configuration is essentially the same as that generated 
by the C3 configuration. Further, at the high Mach numbers and high 
Reynolds numbers of the present experimental program, the measured shock 
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wave is essentially independent of the fpaa-stroam conditions for a 

given configuration, e.g., the results for the C4 cylinder presented 
in Fig. 5b, 

ihe experimental shock wave is consistently closer to the body 
than is the theoretical shock wave. The possibility that those dif- 
ferences were due to viscous effects was considered. In a series of 
calculations by hi (Kef. 13 ), a noticeably smaller shock layer was 
obtained because of the wall temperature diffusing upstream, bringing 
up the density level in the shock layer (but those calculations wore 
lor relatively low Reynolds numbers). The displacement thickness of 
ths viscous boundary layer calculated for the present test conditions 
using the University's numerical code for nonsimilar laminar flow 
(Ref. 14), war, very small in magnitude (sometimes assuming positive 
values, other times negative values). These values which indicate a 
negligible displacement thickness for the boundary layer are consistent 
with the calculations of Li for higher Reynolds numbers. The fact that 
the observed shock standoff distance is approximately 20% less than the 
theoretical value for an infinite cylinder is therefore attributed to 
three-dimensional effects, which are due to the small length- to-width 
ratios, noted previously. 

The pitch plane standoff distance (6 t ) is presented in Fig. 6 
as a function of the effective radius of curvature for the windward 
forebody. The shock standoff distance measured in the plane of sym- 
metry is presented for all three angles-of-attack and for all but the 
highest Reynolds number. The highest Reynolds number results are not 
included because the other measurements indicated no significant 
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Reynolds number effect and because of the difficulty in interpreting 
the photographs (refer to Fig, 4), 

For the fuselage cross-sections which are flat-faced cylinders 
with rounded corners, the effective radius of curvature is assumed to 
be (Ref. 15): 


K o(f . 2 . 315 

0.5W " 0.745 t 3.14 *’ (1) 

' _iL 

w b 

It might be noted that this equation also applies for the limiting case 
of a right-circular cylinder, in which case r (t s 0.5W b and, therefore, 
^eff ** ®**^b * * or> A cross-section which is a circular segment sub- 
tending an included angle significantly less than 90° , the effective 
radius of curvature accounts for the increased velocity gradient. The 
graphical relation of Ref. 16 (based on experimental results for axi- 

symmetric configurations) has been used to calculate R __ for the two- 

eff 

dimensional C4- configuration. 

The procedures used to obtain values for the effective radius 
of curvature are most applicable to the flow for an angle-of-attack of 
90 . Nevertheless, a consistent correlation between the standoff dis- 
tance and the effective radius of curvature is obtained for all three 
angles-of-attack. As discussed previously, the measurements for a= 90 ° 
(presented in Fig. 6c) are less than the theoretical values, which is 
attributed to the three-dimensional character of the actual flow. 

The complete circumferential pressure distributions (in polar co- 
ordinates) for the right circular cylinder (configuration Cl) are 
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presented in Fig. 7 for all throe anglos-of-attack. The prooant data 
are compared with the measurements of Penland (Ref. 17) and with 
modified Newtonian flow theory, For a right aircular cylinder at 
angle-of-attack, 

C P = % 0! , Q0 ° 2 ♦ (2) 

where C , the pressure coefficient for the stagnation lino at the 

given anglo-of-attack, is related to the pressure coefficient for a 
stagnation point downstream of a normal shock by: 


Although the present data exhibit variations exceeding those usually 
associated with pressure measurements, .the data-correlate reasonably 
well with the other distributions. These differences between the pres- 
sure measurements at a given angle-of-attack are attributed to experi- 
mental uncertainties rather than to the flow parameters. This assumed 
independence of Mach number and of Reynolds number is consistent with 
the findings of others, e.g., Ref. 18. 

The experimental pressure distributions from the region where the 
boundary layer is attaohed are presented in Fig 8 for all four configu- 
rations at an angle-of-attack of 90°. Also included in the figure are 
the theoretical pressure distributions calculated using both the time- 
dependent numerical code provided by Moretti and the modified Newtonian 
flow theory. The measurements usually fall between the two theoretical 
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distributions. Since the aross-section of t-o C4 cylinder la the same 
ns that for the Apollo Command Modulo , the j ” , j * t»o dla trlbutions wore 

expected to bo the same although one flow la two- dimensional while the 
other is axtsymmotric, AG expected, the pressure data are essentially 
the same for both configurations except in tho corner region, where the 
present pressures are significantly lower than tho Apollo data (kof ; , 

Id). The variations in the pressures measured on the C4 cylinder uro 
attributed to experimental ooattor. Those variations are not rare for 
a hot-shot typo facility (a similar correlation exists for pressure 
measurements on a sharp cone in this tunnel, Rof. 20), although they 
probably represent the upper bound of the expected scatter. Tho wind- 
ward pressure data for all four configurations appear to be independent 
of the Reynolds number. 

Because of the cylindrical nature of the models, at a given angle- 
of-attack, the angle between the surface tangent of the plane of sym- 
metry and the free-stream velocity vector is the same for all four con- 
figurations. Thus, using a "theoretical" model which assumes that the 
flow is turned by a straight-line surface element to an angle a from 
the free-stream direction, the calculated surface pressure would be in- 
dependent of configuration cross-section. The pressure data from the 
plane of symmetry are compared in Fig. 9 with the pressures calculated 
for three simple flow-models, specifically, modified Newtonian flow, 
tangent cone, and tangent wedge. The values calculated using the equa- 
tion for modified Newtonian flow (Eq. 3) provide the best correlation 
with the data. Also included for comparison are pressure data obtained 
in a companion study (Ref. 21) of blunt cylindrical fuselages with 
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si mi Lur cross-noetiun.i. 

An noted previously , data were obtained over a wide range ol. 
Reynolds number. The forebady pressure measurements v/ere seen Lo bo 
independent el Reynolds number, as would be expected. As can be seen 
in big. .10, the Iviivt-transiar-rata distribution to dependent on the 
Reynolds number. To minimise the run- to-run variations when comparing 
noiidl mens lone 1 1 Rei.i heat " trannfor^rate distributions lor a given con- 
figuration at two dii. turont liow uondl lions , the local measurements 
have linen divided by the lurnt- transfer-ratio measured .In the plane of 
symmetry, l.e., a l. thermocouple l, rather than by a theoretical refer- 
ence neat lug x'ato (uu was usually done for the other figures ) . Although 
division oi a measurement by a theoretical reference.! heating rate should 
eliminate the dependence on the tree-stream conditions, Hie resulting 
dimensionless value would reflect experimental inaccuracies (differences 
between a particular run and theory). Referencing the measurement to a 
oorrelatablc experimental value obtained during the same run reduces the 
effect of experimental variations, although it is not completely elimi- 
nated. 

The experimental heat-transfer-rate distributions, thus nondimen- 
sionaliiied, are presented in fig. 10 for both the Cl and the C4 configu- 
rations at an angle-of-attacx of 90°. Included for comparison is the 
theoretical heat- transfer distribution for a laminar boundary layer as 
calculated using the method of Lees (Ref. 22). The experimental pres- 
sure distributions of Fig. 8 have been used to compute the required 
properties of the inviacid flow at the edge of the boundary layer. Con- 
sider first the measurements for the right circular cylinder, i.e., the 
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i.l configuration, Tho lowor Reynolds number distribution clearly in- 
41 cates that the boundary layer 1 b laminar. At the higher Roy,, olds 
number, the heat- franc for data indicate boundary layor transition with 
subsequent rolaminari nation duu to a largo favorable pressure gradient. 
By the parameter K (Ref, 23), where 


w o du e 


U * 

Q 8 


tho velocity gradient oxcoods tho value for which rolaminari aation of 
a boundary layor has boon observed on a cylindrical body in an .acceler- 
ated flow (Ref. 23). Therefore, agreement between tho dimomionlao!.: 
heat-transfer rates just upstream of boundary layer separation (i.o., 
s a * 0,7 V is attributed to the fact that transition reversal bach 

to a laminar boundary layer occurs at the higher Reynolds number. 

The heat-- transfer measurements for the C4 cylinder at an angle- 
of-attack of 90° exhibit similar characteristics, as can be seen in 
Fig. 10b. The lower Reynolds number data for the present two- 
dimensional configuration compare favorably with the results for the 
axisymmetric Apollo configuration (Ref. 19). Because the boundary 
layer was laminar for the Apollo tests, it is assumed that it is also 
laminar for the present two lower Reynolds number tests. Although 
the heat-transfer measurements at the highest Reynolds number qualita- 
tively follow the theoretical laminar distribution, the boundary layer 
is believed to be transitional, if not fully turbulent. The dimension- 
less heat-transfer rate for the last thermocouple is roughly the same 
for alJ three Reynolds numbers. Again, the large favorable pressure 
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gradient has promoted relaminarization of the boundary layer, as can be 
seen by the diminishing variation between the measurements for the dif- 
ferent Reynolds numbers. However, since the difference has not com- 
pletely vanished, it is impossible to conclude from these data that the 
boundary layer just prior to separation is indeed laminar for all three 
conditions . 

Since.. a primary objective of the study was to define the extent 
of boundary- layer separation and the character of the separated flow, 
most of the instrumentation was in a "single' 1 plane. However ^addi- 
tional thermocouples were placed at other stations on the instrumented 
segment in order to determine if three-dimensional effects were present.. 
The axial heat- transfer-rate "distribution" measured in the. ..windward 
plane of symmetry of the C4 cylinder at an angle-of-attack of 30° is 
presented in. Fig. 11. The data at an angle-of-attack of 30° (for which 
the model-is the longest) clearly indicate the three-dimensional char- 
acter of the boundary layer. Included for comparison are theoretical 
distributions for laminar flow calculated using the tangent-cone and the 
tangent-wedge flow- field assumptions, as welX as the swept- cylinder re- 
lation, (These techniques are discussed in more detail in Ref. 21.) 

The experimental distribution, is in good agreement with the theoretical 
values calculated for the tangent- cone model. Although the data com- 
pare almost as well with the values calculated for the tangent-wedge 
model p this flow model is rejected on the basis of the lack of correla- 
tion of the pressure measurements, refer to Fig. 9. At points well 
downstream of the stagnation point, the heating on a space-shuttle or- 
biter whose fuselage had a C4 cross-section showed similar agreement 
with tangent-cone theory while similarly falling below the swept- cylinder 
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value (ref. 21). 

The pitch-plane heat- transfer-rate distributions at an angle-of- 
attack of 60° are presented in Fig. 12 for the C4 cylinder (rounded 
forebody) and for the C2 and the C3 cylinders (both having a flat-faced 
forebody). Comparison of the heat-transfer data for these cross- 
sections indicates: 

(1) that boundary- layer transition occurs earlier for the rounded 
cross-section than for the flat-bottomed configuratioas , and 

(2) that the laminar heat- transfer measurements are roughly 30% 
below the theoretical swept- cylinder values. 

Similar results were observed for fuselages of similar cross-section on 
a straight-winged orbiter at similar angles-of-attack (Ref. 21). 

The heat- transfer measurements from the plane of symmetry of the 
C4. and the Cl cylinders are presented as a function of the angle-of- 
attack in Fig. 13. As noted when discussing the shock stand-off distances, 
because of the relatively short length of the models tested at an angle- 
of-attack of 90°, three-dimensional effects do exist. However, the 
variation between the stagnation- line measurements for the two Reynolds 
numbers are believed to be indicative of the experimental uncertainty. 

Included for comparison are a linear correlation: 


q = 


°* 707 F( *t,ref> 



and the swept-cylinder relation: 


4 = 0.707 F(q t>ref ) (sin a) 1 ' 2 


(4) 


(5) 
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The factor 0.707 represents the ratio of heat transfer to a two- 
dimensional c jnfiguration to that to an axisymmetrio configuration 
having the same cross-section. Although other values for this factor 
appear in the literature, this value is obtained from boundary layer 
theory with a few, realistio assumptions. The factor (sin a) 1,2 re- 
presents the effect of angle-of-attaak , or sweep, as taken from Ref. 24. 
The product represents the theoretical heating rate to an axi- 

symmetric configuration having the 3ame cross-section as the "infinite" 
cylinder. The relations of Fay and Riddell (Ref. 25) are used to cal- 
culate 4 t>ref < which is the theoretical heating rate to the stagna- 
tion point of a sphere whose diameter is W b . The factor F accounts 
for the noncircular shape of the cross-section and is, therefore, 



( 6 ) 


As would be expected the value of F is unity for the right circular 

cylinder, while it is 0.685 for the C4 cylinder. Theoretical values of 

the heat- transfer to the stagnation line of the C4 configuration at an 

angle-of-attack of 90 have been calculated for three different values 

of the effective radius of curvature. The theoretical values, which are 

presented in Fig. 13b, assumed values for R __ of: 

err 

(1) 0.0625 ft, which is one-half the body width (refer to Fig. 1), 

(2) 0.1500 ft, which is the physical radius of curvature for the 
windward surface (refer to Fig. 1), and 

(3) 0.1333 ft, which is the effective radius of curvature based 
on an experimental study employing axisymmetric models (Ref. 
16). 


?3 


Comparison of the stagnation-lino calculations with the measurements 
supports the use of an R Qff of 0,1333 feet, which corresponds to an F 
of 0.685. Thus, it appears that the axisymmetric factors may be used 
for two-dimensional configurations as well. 

At the present thermocouple locations , the laminar heat-transfer 
rates measured at the lower Reynolds number are best approximated by 
the linear relation. The correlation with the linoar relation would 
depend on the thermocouple location. The turbulent character of the 
boundary layer for the high Reynolds -number data causes the heat-transfer 
measurements at angle -of-attack to exceed both "theoretical" correlations. 


Separation and the Leeward Flow Field 

One of the major problems in any experimental study of separated 
flow fields is the low absolute values of the parameters, e.g., pressure 
or heat transfer rate, which must be measured. An error which may be 
extremely small in absolute value can represent a highly magnified per- 
centage error. Thus , one usually expects a somewhat greater degree of 
scatter in leeward data than in the corresponding windward information. 
The measurement uncertainty is further amplified when one is employing 
a blowdown tunnel which generally introduces an additional increment 
of uncertainty due to the lack of absolute repeatability. Because of 
these inherent measurement difficulties it was found desirable to compute 
average heat transfer rates over the leeward surface and employ these 
average values as characteristic parameters for comparison and correla- 
tion. This approach is not unreasonable in view of the near constancy 

of surface pressure and heat transfer levels within fully separated 
regions . 


In computing average leeward heat transfer rates it is of course 
necessary to determine where separation occurs. Of the four configura- 
tions considered in the current study, defining the separation location 
for the right-circular cylinder presented the most difficulty. The 
experimental pressure distributions may bo used to locate approximately 
the point at which boundary- layer separation occurs. The pressure data 
for the right circular cylindor, configuration Cl in Tig. 7, indicate 
that the separation is dependent on the anglo-of-attack. The separa- 
tion location appears to move slightly downstream as the angle-of-attack 
increases. However, this oonolusion (which is supported by the data of 
Fig. 7) is made with the knowledge that the angle-of-attack dependence 
has been noted by others, as discussed below. Because of the experimen- 
tal uncertainty such a conclusion could not be drawn from the present 
data alone. Based on the current data alone, the separation point is 
approximately 103° from the stagnation line for all angles -of- attack. 

This value results from the current estimation technique which ignores 
the region of sub-base pressure, indicated in references 3 and 17 as 
occuring just prior to separation. The differences between the separa- 
assumed for this integration of the present data and those 
reported in the literature (e.g. , Refs. 17 and 18) do not substantially 
affect the average heat- transfer rates. 

Penland (Ref. 17) noted, "The point of separation appeal's to vary 
from about 120° from the stagnation point for an angle-of-attack of 90° 
to about 100° from the stagnation point for an angle-of-attack of 14.9°." 
Furthermore, the measurements of Beckwith and Gallagher (Ref. 18) indi- 
cate that flow separation occurs near a $ of 100°. Thus, although the 


functional dependence on angle-of-attack of the current separation 
locations is consistent with the findings of others , the specific 
separation locations differ somewhat. 

Oil flow patterns subsequently obtained in the Supersonic Wind 
Tunnel of the University of Texas at Austin indicate the surface stream- 
lines near the separation line were almost perpendicular to the axis of 
the Cl cylinder. Thus, the placement of a sting in the wake might in- 
crease the leeward pressure slightly (for this configuration) and, 
therofore, move the separation location upstream (a 3 appeared to be the 
case for the VAC models). These tests further indicate that cross flow 
and, thus, the effect of sting placement are dependent on the cross- 
section. 

Pressure distributions for the afterbody of the C3 configurations 
are presented in Fig. 14. Also indicated in the figure are the instru- 
mentation locations and the position of the tangency points. For an 
angle-of-attack of 60°, the pressure distribution indicates a separation 
bubble followed by a recompression region at each of the expansion 
corners on the lateral surface. Although the nondimens ionali zed pres- 
sure values are somewhat higher, the experimental distribution at an 
angle-of-attack of 90° does not indicate the existence of separation 
bubbles at the expansion corners. At both angles -of -at tack, the data 
indicate that the boundary layer does not clearly separate until reach- 
ing the circular cap, i.e., the extreme leeward surface. 

The corresponding heat-transfer distributions are presented in 
Fig. 15. The dimensionless heating rates are also somewhat higher for 
the 90° angle-of-attack test. The oil flow tests in the University's 
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Supersonic Wind Tunnel indicated a complex three-dimensional flow at 
the lower angle-of-attack. Despite the difference in the pressure dis- 
tributions, the heat-transfer distributions for the two angles-of-attack 
are qualitatively very similar, At both angles-of-attack tho recom- 
pression downstream of the first expansion produces a significant in- 
crease in the local heating. These data also support the contention 
that the boundary layer does not separate until reaching the circular 
cap. 

It has boon shown that the measurements from tho forebody of tho 
C4 configuration at an angle- of- attack of 90° compare favorably with 
data for the Apollo Command Module at zero angle-of-attack. This 
agreement between the nondimensionalized data for a two-dimensional 
flow with those for an axisymroetric flow holds for the leeward surface 
as well. The surface-pressure and the heat-transfer-rate distributions 
for the leeward surface of the C4 configuration are compared with the ,.-v 

Apollo data in Fig. 16. The differences are believed to be within the 
accuracy of the leeward measurements (which has been discussed already). 

Having established the location of separation, one can evaluate 
the characteristic lengths L and W g , which are shown in Fig. 17 for 
each cross section. Use of these parameters is suggested by theoretical 
concepts embodied in Reference 26. Although devoted to base heat 
transfer for turbulent flow, the qualitative features of this flow model 
are applicable to current geometries and flow conditions. The model of 
Ref. 26 suggests that the primary length parameters for leeward heat 

i 

transfer are (1) the distance from the wake stagnation point (the impinge- 
ment of the free shear layers) to the rear stagnation point of the body 
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and (2) a characteristic maximum wake width* The former distance can~ 
not be obtained, in general, without extensive flow visualization or 
wake probing and therefore is not readily available. For the present 
flow geometries and conditions one would expect that, as a consequence 
of the hypersonic freeze” principle (see Ref. 3), the wake stagnation 
point is approximately the samo distance (when normalized with the 
appropriate width) from the separation point for each cylindrical shape, 
Therefore, the dimensionless length L/W n is inversely proportional to 
the desired distance from body surface to the wake stagnation point. 

Correlation of leeward heat- transfer rates for the various cy- 
linders is shown in Fig. 18 where, for a given value of o, the average 
heat transfer rate, normalized with respect to the reference value, is 
plotted versus the ratio of characteristic lengths. The average heat- 
ing for the leeward region is r.ondimensionalized using the relation: 



where s . is the location of boundary- layer separation and s is 
the coordinate of the leeward stagnation point. Although no Reynolds 
number effect is evident because of the measurement problems alluded 
to earlier, the systematic variation of heat transfer which emerges 
from this type of plot provides strong evidence of the validity of the 
two characteristic lengths. Further confirmation is obtained from the 
data of Holloway, Sterrett and Creekmore (Ref. 27) which are also pre- 
sented in Fig. 18. These measurements represent heet transfer imme- 
diately downstream of a backstep in hypersonic laminar flow and corres- 
pond to a blunt-base geometry, i.e., L E 0, at a 90° angle-of-attack. 


Along with the windward boundary layer laminar l nation noted 
in Fig, 10, the Holloway data also support the conclusion that the 
near wake was fully laminar for all tests in the current series. 

Further support for thin assertion can be obtained from the shear-layer 
transition criterion of Leon (Ref. 9) which proposes that, for a 
hypersonic blunt body, the near wake in laminar if tho Mach number 
adjacent to the free shear layers is above 2.5. The present leeward 
pressure data, e.g,, Fijs. 14 and 16, are indeed indicative of such 
Mach numbers and , hence , laminar shear layers . 

The heat -transfer parameter of Fig. 18 in displayed an a func- 
tion oi anglo-oif-attack in Fig. 19, The similarity of 02 and 04 
leesid© heating is obvious as in the nearly linear variation with «. 
This latter feature suggests that, for a given configuration, the 
ratio of heat-transfer rate at any value of a to the value at a=90° 
should also be linear. This is indeed true, as shown in Fig. 20. 
Furthermore, within the scatter of the present data, the slope of the 
linear variation is virtually the same for all configurations. 


CONCLUDING REMARKS 


The experimental program included both windward and leoward 
measurements for a variety of simulated "infinite" cylinders exposed 
to hypersonic streams over an angle-of-attaok from 30° to 90° , For 
the range of conditions ineludod in thin study, the following con- 
clusions are mado, 

(1) Swept- cylinder theory provides a reasonable correlation 
of tho measured laminar heat- transfer rates from the piano of 
symmetry. However, if one uses the tangcnt-cone or tho 
tangent-wodges techniques to account for the three-dimensional 
nature of the flow along this windward-most element, improved 
correlation with the measurements is obtained. 

(2) The boundary layer transition criteria in the plane of 
symmetry are a function of the transverse curvature. For a 
given flow condition, transition occurred earlier for the cylin- 
der whose windward surface was a circular segment than for the 
cylinder whose windward surface was flat. 

(3) Re laminar! zation of the circumferential boundary layer for 
a right- circular cylinder was observed at the highest Reynolds 
number tested. Although the boundary layer on the forebody was 
naturally turbulent, the large pressure gradients produced 
transition reversal on the windward surface. 

(4) The effect of lees ids geometry 'n the average heat- transfer 
rate can be correlated with a single geometric parameter which 
is dependent on the location of separation. 
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(5) The relationship of leeward heating to angle-of-attack is 
found to be virtually linear for each cross-section. This 
variation is essentially the same as that for laminar heating 
in the plane of symmetry , 

(6) No systematic effect of freo-stream Reynolds number on the 
foregoing relationships was observed. The heat- transfer data 
indicated that the near wako was laminar. 
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Table 1. 


— Run Schedule of Nominal Test Condition (VAC HVWT) 





Nominal tes 

t condition* 


Configuration 

a 

Condition 1 

Condition 2 

Condition 3 

Condition 4 

Cl 

30 




1008 





60 

90 

4, 2 

1004 

1005 


1002 




1006 

C2 

30 


1042 

1043 

1041 


60 

90 

16, 15 

1045 

i Aii n 

1044 

1046 



1047 


1049 

C3 

30 

— 

1021 

1022 

1023 


60 

90 

18, 17 

1027 

1028 

1026 

1025 




1032 

C4 

30 

8, 9 

1012 

1011 

1010 


60 

5 

1015 

1016 

1017 


90 


13, 12 


1020 


1019 
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Table 2. — Run Schedule 


Conf 

a 

Run No, 

M m 

PQ 

Re m /ft 
X 10"6 

P t2 

(paia) 

T t 

(°R 

Cl 

30° 

1008 

10.10 

19.73 

55,33 

2188 

Cl 

60° 

1004 

10.00 

2.17 

15.63 

3725 

Cl 

60° 

1002 

10.10 

19.31 

46.12 

1985 

Cl 

60° 

4 

14.98 

3.96 

12.01 

3530 

Cl 

90° 

1005 

10.00 

2.17 

15.42 

3715 

Cl 

O 

o 

CT> 

1006 

10.21 

19.16 

46.41 

2057 

C2 

30° 

1042 

10.16 

2.15 

14.20 

3602 

C2 

30° 

1043 

10.48 

4.33 

17.11 

2800 

C2 

o 

o 

CO 

1041 

9.96 

17.31 

54.37 

2311 

C2 

60° 

1045 

10.20 

2.47 

14.57 

3410 

C2 

60° 

1044 

10.52 

4.81 

17.24 

2658 

C2 

60° 

1046 

9.94 

19.13 

54.49 

2185 

C2 

60° 

16 

15.17 

3.57 

11.02 

3610 

C2 

90° 

1047 

9.45 

1.98 

15.31 

3660 

C2 

90° 

1049 

9.89 

18.30 

54.59 

2225 

C3 

30° 

1021 

10.20 

2.23 

15.37 

3718 

C3 

30° 

1022 

10.55 

4.74 

18 50 

2792 

C3 

30° 

1023 

10.06 

19.34 

54.84 

2200 

C3 

60° 

1027 

10.20 

2.44 

15.02 

3490 

C3 

60° 

1026 

10.78 

4.80 

17.33 

2741 

C3 

60° 

1025 

10.00 

19.09 

55.74 

2216 

C3 

60° 

18 

15.48 

3.87 

10.47 

3430 
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Table 2 Cont. 


Conf 

a 

Hun No. 

K 

Re m /ft 

p 

r t2 

T t 

- 




„ 

X 10 

(psia) 

(OR) 

C3 

90° 

1028 

10.37 

2.53 

14.83 

3443 

C3 

90° 

1032 

9.95 

22.53 

50.07 

1861 

C4 

30° 

1012 

10.31 

2.53 

14.98 

3450 

C4 

30° 

1011 

10.70 

4.85 

17.42 

2710 

C4 

30° 

1010 

10.15 

20.21 

55.52 

2185 

C4 

30° 

8 

15.35 

3.98 

10.79 

3395 

C4 

60° 

1015 

10.43 

2.29 

14.52 

3630 

C4 

60° 

1016 

10.72 

4.75 

17.20 

2730 

C4 

60° 

1017 

10.13 

20.77 

53.19 

2082 

C4 

60° 

5 

15.35 

3.87 

10.90 

3470 

C4 

90° 

1020 

10.17 

2.29 

15.23 

3630 

C4 

90° 

1019 

10.25 

21.18 

51.97 

2063 

C4 

90° 

13 

15.13 

3.75 .. 

11.29 

3550 


i 


s 


■Sagsgsass ■■iarr~~' -• *a.ii ■ r 














O Thermocouples 


s z 


0.5 


0.000 

0.333 

0.667 

0.875 

0.973 

1.006 

1.071 

1.104 

1.138 


X. 

1C 

s 

z 

0.5% 

1.25 

1.744 

1.25 

2.464 

1.25 

3.343 

.50 

0.000 

.50 

0.875 

.50 

1.006 

.50 

3.343 

1.75 

0.000 

1.75 

1.071 


O Orifice Pressures 

x. 

s 

z 

X* 

s 

z 

1 c 

wmmi 

ic 


1.05 

0.000 

1.05 

3.343 

1.25 

0.333 

.50 

1.104 

1.25 

0.667 



1.25 

0.875 



1.25 

1.006 



1.45 

1.104 



1.25 

1.744 



1.25 

2.464 




(b) Configuration C2 
Figure 1. Continued. 
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(c) Configuration C3 


Figure 1. Continued. 




















Od) Configuration C4 
Figure 1. Concluded, 


















Figure 3. Typical model installation for an "infinite" cylinder 
the Hypervelocity Wind Tunnel. 
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Figure 6. - Shock stand-off distance in the pitch plane of 
an infinite cylinder at various angles-of-attack. 




Configuration C2 



Figure 6. - Continued 
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r T ' 150° 

1.80° 


— modified Newtonian flow- theory 
•LM^ = 10.10, Re w /ft * 19.73 x 10 
A data of ref. 3.7 


(a) o * 30° 




Figure 7. - Cdrcunferential ^pressure distribution for the right 

circular cylinder Cl at various angles-of-attack. 
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(b) a a 60° 


— — modified Newtonian flow theory 
O M w a 14.98, Re^/ft = 3.96 x 10« 
9 a 10.00, Re^/ft = 2.17 x 10 6 
• M w « 10.10, Re w /ft = 19.31 x 10 
A data of ref. 17 


Figure 7. 


Continued. 



modified Newtonian flow theory 


©-A = 10.00, Re w /ft * 2,17 x 10 6 
© h w « 10.21, Re w /ft = 19.16 x 10 6 
A. — data of ref. 17 

(c) a * 90° 


Figure 7. 


Concluded. 
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Comparison of the measured and the theoretical circumferential pressure distributions 
for an angle-of -attack of 90 °. 




O M w s 15 , 13 1 Re^/ft B 3 1 75 x 1Q U 

© M« 3 10.17, Ra„/ft « 2,29 x IQ 6 

• M m r IQ. 25, Re„/ft « 21,18 x 10 6 

P data of ref, 3,9 (for an axisymmetrlc body) 

— numerical technique (ref, 10) values 
--modified Newtonian flow theory 


(c) Configuration C4 


Figure 8. - Concluded. 



JL summary of data of ref* 21 
O Cl □ 03 

A 02 QC4 

Left-flagged symbols , Ra^/ft - 2 x IQ 6 
Right-flagged symbols, R« ro /ft - 2 x 10? 
— tangent-wedge theory 
--tangent -cone theory 



Figure 9. - Pressure measurements from the plane-of-symmetry (i 

windward-most ray) as a function of the angle -of -at tack . 
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(b) Configuration C4 (rounded forebode) 
Figure 12. - Concluded. 




(a) Cl - configuration 


Figure 13. - Heat-transfer to the windward-most 
element as a function of angle-of-attack . 
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(b) C4 - configuration 
Figure 13. - Concluded 



20, Re /ft = 2.44 



Figure 14. - Afterbody pressure distribution for the C3 cylinder 






Figure 14* - Concluded 





Figure 15. - Afterbody heat- transfer distribution for the C3 cylinder 

















Configurations: O Cl; A C2* Dc 3 ; O C 4 

open: M w « 15, Re m /ft « 4 x 10 6 

bottom filled: M m « 10, Re^/ft a 2 x 10 ^ 

top filled: b io , Re^/ft b g x 10^ 

filled: b 10, Re /ft » 2 x 10 7 ^ 


Ref. 27, Backstep, M^ag, Laminar Flow 
® Re w /ft a 2.8 x 10 6 
® Re-a/ft a 1.4 x 10 6 . 


Figure 18. - Effect of leeslde geometry on average leeward 

heat - transfer rate for various angles-of - attacki 
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Figure 19 . - Effect of atigle-of- attack on average leeward heat- 
transfer rate for various cylinder cross sections. 
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reproducibility of the original page is. poor. 
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Figure 20 • ~ Correlation of effect of angle -of- at tack 
on leeward heat transfer rate 



